To measure eye and orbit anthropometric variation within the normal population by using CT images and to determine the effects of age and sex on eye and orbit anthropometry. Quantification of eye and orbit anthropometric variation within the normal population and between persons of different age and sex is important in the prediction and prevention of eye injury. METHODS. A systematic method was developed to align head CT images three dimensionally and to measure ocular and orbital parameters in 39 subjects. Twenty-four measurements were collected along the orbital rim, to quantify the orbital aperture. Protrusions of the brow and the eye were measured, along with relative distances, to describe location of the eye within the orbit. RESULTS. The orbit widened with age, and significant relations were identified between orbital aperture and eye location measurements, both of which varied significantly between the sexes. CONCLUSIONS. The comprehensive set of measurements collected in this study provides three-dimensional information on orbit geometry, as well as placement of the eye within the orbit. These measurements and the methodology used will contribute to the development of finite element models of the orbit and eye for computational modeling purposes and may be useful in the design of eye protection equipment. (Invest Ophthalmol Vis Sci. 2010;51:4892-4897) DOI:10.1167/ iovs.10-5503 M ore than 1.9 million eye injuries occur each year in the United States, and trauma is the second leading cause of visual impairment.
Aging also causes a downward shift of the lower eyelid, which is more prominent in males than in females. Another study found that the orbital rim and cheek mass move posteriorly with respect to the anterior cornea with age. 31 Pessa and Chen 27 measured orbital aperture on human skulls by measuring distances to the superior and inferior orbital rims from a horizontal centerline through the orbit. These superior and inferior orbital rim distances were found to increase with age, especially at the medial superior orbital rim and lateral inferior orbital rim. It was hypothesized that this change in orbital aperture with age could also affect eye measurements.
Ethnic differences in ocular and facial anthropometry are noted in the literature. The interpupillary distance, outer canthal distance, and inner canthal distance in African-American males and females from birth to 24 years of age were found in a study to be statistically significant when compared with the same measurements in Caucasians. 25 In another study, the interpupillary distance, palpebral fissure width, and eye protrusion were shown to vary significantly between African Americans and Caucasians. 28 Inner canthal and interpupillary distances were shown to be greater in American-born Japanese than in Caucasians of a similar age. 30 Hispanics have a wider interpupillary distance than do Caucasians. Studies have shown that eye protrusion is greater in African Americans than in Caucasians and is lesser in Hispanics than in Caucasians and African Americans. 24, 28, 29 In most studies, external measurements or photographs have been used to measure the surface anatomy of the eye and surrounding facial regions. 23-26,28 -30 However, these methods are not capable of describing the underlying bony and soft tissue anatomy that may be important in the protection of the eye during traumatic impact. Human skulls have been used to measure orbital aperture, but this method does not allow for measurement of the location or protrusion of the eye within the orbit. 27 With CT images, accurate measurements can be collected for soft tissue structures such as the eye, as well as the underlying bony structures that surround and protect it. Select distance measurements describing the eye's relation to surrounding bone and soft tissue, orbital volume, and orbital wall morphology have been collected from CT images, but further measurements are necessary to fully describe eye and orbit anatomy. 31, [33] [34] [35] [36] Accurate measurements of eye and orbit anthropometry are valuable in the design of protective equip-ment for the eye and modeling of facial impacts for injury prediction purposes.
METHODS
For this study, a systematic method was developed to collect several ocular and orbital measurements from CT images. Twenty-four measurements along the orbital rim were collected to quantify the orbital aperture. The protrusion of the brow and the eye were measured, along with distance measurements, to describe the location of the eye within the orbit.
Head CT scans of 39 Caucasian subjects from Wake Forest University Baptist Medical Center were obtained. The research adhered to the tenets of the Declaration of Helsinki. The scans were ruled to be grossly normal in head and skull anatomy and of adequate imaging quality to obtain geometric measurements. Measurements of the left orbit and eye of each subject were collected with multiple software programs. Images were aligned by medical imaging software (AquariusNET Server ver. 1.8.1.6; TeraRecon, Inc., San Mateo, CA) and measurements were collected from screenshots of the aligned images by ImageJ (developed by Wayne Rasband, National Institutes of Health, Bethesda, MD; available at http://rsb.info.nih.gov/ij/index.html) software. Coordinates along the orbital rim were collected with a separate software program (Amira; Visage Imaging, San Diego, CA).
With the medical imaging software (TeraRecon), a slab view at maximum thickness was used to align the CT correctly for each subject and a Hounsfield Unit (HU)-based bone window was initially selected for viewing the image (window width [WW] 2200, window level [WL] 200). The anterior-posterior axis was aligned with the crista galli in the axial view (Fig. 1a) . The coronal view (window parameters: WW 350, WL 75) was used to align the superior-inferior axis along the falx cerebri (Fig. 1b) . Because of former alignment in the other viewing windows, the nasion and sella turcica were visible in the sagittal view (window parameters: WW 2200, WL 200). The axial plane was realigned with the nasion-sella plane (Fig. 1c) , an anatomic plane used in an earlier study of the orbit. 27 The aligned CT images were rendered in three-dimensions (3D) and were optimized with the following parameters: mask 1 (WW 500, WL 400, opacity 100%, right_up linear volume-rendering curve shape) and mask 2 (WW 200, WL 200, opacity 20%, right_recline triangle volumerendering curve shape). A screenshot of the aligned 3D bone reconstruction was captured, and a grid template was overlaid to collect orbital aperture measurements (Fig. 1d) . The grid was rotated so that the horizontal axis was parallel with a line connecting the superior rims of both orbits. The grid was positioned with the left horizontal endpoint on the nasion and the right horizontal endpoint on the lateral edge of the orbit. The 11 vertical lines of the grid were constructed to be equally spaced along the horizontal axis. Twenty-four orbital rim measurements were collected from each of the horizontal and vertical gridlines. The superior orbital rim perimeter was calculated by summing the distances between each of the 12 superior orbital rim measurements. The inferior orbital rim perimeter was calculated using the same method and was summed with the superior orbital rim perimeter, to compute the total orbital rim perimeter. The two segments corresponding to orbital width (OW) and orbital height (OH) are depicted in Figure 1d . For the statistical analysis, these measurements were also normalized to adjust for size. Measurements were normalized by dividing each one by the subject's height in millimeters and multiplying it by 100. This allowed orbital width and height measurements that are relative to the subject's height to be investigated relative to sex and to different ages.
Further alignment of the images allowed the protrusion and location of the eye to be measured. An abdominal window was selected for viewing the eyeball (window parameters: WW 350, WL 75). In the axial view, the anterior-posterior axis was rotated until it was aligned with the cornea and the center of the optic canal. The axial slice with the most eye protrusion was selected, and the perpendicular (mediallateral) axis was placed on the edge of the lateral orbital rim, as shown in Figure 2a . Lateral eye protrusion (LP) was measured from the cornea to the axes intersection. This measurement corresponded to the protrusion of the eye relative to the lateral orbital rim. A lateral distance (LD) measurement describing the eye's location relative to the lateral orbital rim was collected by measuring from the lateral edge of the orbit to the axes intersection. The sagittal view of the previous alignment was used to collect superior eye protrusion (SP) and superior distance (SD) measurements (Fig. 2b) . A line was drawn from the cornea back through the center of the eye, and another line was drawn connecting the superior and inferior orbital rims (Fig. 2b, lines) . Superior eye protrusion was measured from the cornea to the intersection of these two lines to describe protrusion of the eye relative to the superior orbital rim. A superior distance measurement describing the eye's location relative to the superior orbital rim was collected by measuring from the superior edge of the orbit to the intersection of the two white lines.
The CT scans were imported into software (Amira; Visage Imaging) to record point coordinate values on the orbital rim. The bony anatomy was rendered in 3D and aligned with the coordinate system of the 3D reconstruction in Figure 1d . As described earlier, the crista galli, falx cerebri, and nasion-sella plane were used to establish a landmarkdefined coordinate system for each subject. Four coordinate points were recorded: the medial orbital rim point at the nasion, the lateral orbital rim point horizontally across from the nasion, and the center orbital rim point located superiorly and inferiorly (Fig. 3) . The angle of brow protrusion (BP) was calculated by using equation 1, where OH is the orbital height and D is the distance between the superior and inferior coordinates depicted in Figure 3 . The formula was chosen so that the superior orbital rim points anterior to the inferior orbital rim point resulted in positive angles.
RESULTS
Select subject demographics and ocular and orbital measurements are reported in Table 1 . In some subjects, CT scan slices did not extend to the inferior orbit, and it was not possible to collect all the measurements. Missing data were accounted for in the statistical analysis.
A multivariate correlation analysis was used to examine relationships between subject demographics (age and subject height) and the ocular and orbital measurements collected (OW, OH, LP, SP, LD, SD, orbital rim perimeters, and heightnormalized OW and OH). Pearson product-moment correlation coefficients and P values were computed for all combinations, comparing demographics to measurements, as well as measurements to each other. Results are presented in Table 2 for correlations that were significant (P Ͻ 0.05) or mildly significant (P Ͻ 0.10). Noteworthy findings included significant positive correlations with age for the raw and height-normalized OW measurements, as well as a mildly significant association between age and the SD measurement. Several measurements (OH, height-normalized OW and OH, SD, and the inferior and total rim perimeters) correlated significantly with subject height, suggesting that subject height is a key factor in explaining variation in orbit anthropometry across individuals. In addition, mild correlations with subject height were identified for the OW and LD measurements. Many of the ocular and orbital measurements correlated significantly with each other. Measurements characterizing orbital aperture (OW, OH, and orbital rim perimeters) were found to correlate significantly with eye protrusion (LP and SP measurements) and location of the eye within the orbit (LD and SD measurements). Eye protrusion measurements (LP, SP) were not only significantly correlated with orbital aperture measurements, but also with the SD measurement describing eye location within the orbit. No correlations with P Ͻ 0.10 were identified for the brow protrusion angle.
One-way analysis of variance (ANOVA) was used to assess the effect of the sex of the individual on each of the ocular and orbital measurements. ANOVA F test statistics and P-values are reported in Table 3 . P Ͻ 0.05 indicates a statistically significant difference in sample means between genders. As Table 3 shows, the lateral distance measurement and inferior orbital rim perimeter vary significantly between males and females. Orbital width and height measurements normalized by subject height vary significantly between the sexes. When these measurements (OW, OH) are not normalized, no significant differences are detected between the sexes, suggesting that normalizing by height unmasks the effect on orbital anthropometry of the sex of the person.
DISCUSSION
The present study presents a systematic method of aligning head CT images and collecting orbital aperture, eye protrusion, eye location, and brow protrusion measurements for comparison across individuals. We documented variation in normal eye and orbit anatomy in 39 subjects. Contrary to previous studies in which variation in surface anatomy was examined by using external measurements and photographs, 23-26,28 -30 in our study, we investigated variation in bony and soft tissue anatomy of the eye and orbit. Only a few studies have been undertaken to collect measurements to quantify orbital geometry and the location of the eye within the orbit. 27, 31 The collection of additional measurements was warranted to fully characterize orbit and eye anatomy and quantify variation across individuals.
The statistical results of this study suggest that the orbit widens with age. The results also show significant relationships between subject height and the orbital aperture and eye location measurements. These findings suggest that variation in orbital anthropometry can be partially attributed to differences in subjects' height and that normalizing by height may reveal other effects on orbit anthropometry such as age, sex, and ethnicity. With orbital width and height normalized by subject height, the statistical analysis showed the significant differences in these measurements between the sexes. Normalized orbital width and height was greater in the females than in the males, suggesting that relative to subject height, the female's orbital aperture is proportionately larger than the male's orbital aperture. However, without normalization, the means of all the ocular and orbital measurements were greater in the males than in the females. Although statistical significance was not reached when comparing each measurement between the sexes, the lateral distance describing eye location and the inferior orbital rim perimeter were both significantly greater in the males than in the females. Future studies with a larger sample size may find significant differences between the sexes for other parameters such as eye and brow protrusion. The smaller sample size used in this study may have affected the ability to obtain statistical significance when examining age and sex effects. Contrary to reports in the literature, no significant decrease in eye protrusion was observed with age, but sample size was substantially smaller than the number of subjects in previous work and may not have been sufficient to obtain statistical significance. 23 Ethnic variation was not accounted for in this study, thus the effect of ethnicity on the ocular and orbital measurements could not be assessed at this time. The method developed could be used in future studies to collect measurements for a larger number of subjects and quantify ocular and orbital anthropometry across individuals according to sex and various ages and ethnicities.
The comprehensive set of measurements collected in this study provides detailed information on orbital geometry, as well as placement of the eye within the orbit. This set of measurements can used for the development of finite element models of the orbit for computational modeling purposes and may be useful in the design of protective equipment for the eye. Although sample size limited the ability to obtain statistically significant relationships regarding orbital anthropometry, the significance of the effect of orbital variation on eye injury has yet to be assessed. Incorporating variation in orbit anthropometry and information about eye location into a finite element model of the human eye, 37 computational simulations will be used to study interaction between the eye and orbit during traumatic impact, to evaluate risk of eye injury and orbital fractures. When normal variation in orbital anthropometry is implemented in a finite element model of the eye, statistically significant variation in injury risk may result. Determining injury risk by quantifying anthropometric variation across individuals would be valuable in mitigating eye injuries.
